High quality NaCo 2 O 4 thermoelectrics are challenging to process due to the volatile nature of Na, the slow densification kinetics, and degradation of NaCo 2 O 4 above 900e950 C leading to the formation of Na-poor second phases. Fine grained sol-gel derived powders have been used to enhance the densification kinetics while pre-treatment of the NaCo 2 O 4 powder with NaOH, to provide a Na rich environment, has been shown to mitigate Na loss at elevated temperatures. While insufficient to compensate for Na loss at processing temperatures of 1000 C and above, at lower temperatures it is able to enhance densification and facilitate the formation of complex crystal structures yielding low thermal conductivity (0.66 Wm À1 K
Introduction
Thermoelectric (TE) materials have the potential to play a significant role in the development of sustainable energy-efficiency technologies due to their ability to directly convert heat into electricity with no moving parts [1] . The relative performance of thermoelectric materials can be described by the dimensionless figure of merit [2, 3] , ZT ¼ S efficiency thermoelectric power generation thus requires low thermal conductivity (к) and at the same time, a high Seebeck coefficient (S) and electrical conductivity (s) [4] . ZT should ideally be > 1 to achieve conversion efficiencies greater than 10% [1] . As such there is a significant drive to increase ZT, particularly at high temperatures. At elevated temperatures traditional TE materials, such as Bi 2 Te 3 , are known to melt and oxidize in the presence of air [5, 6] . Furthermore such materials are composed of toxic, heavy and rare elements leading to active research into replacement materials such as oxide ceramics [5] . There are a number of candidate materials including NaCo 2 O 4 , Ca 3 Co 4 O 9 and modified SrTiO 3 that have been shown to exhibit useful properties, however they contain volatile elements and necessitate high processing temperatures, typical of ceramics, which can lead to loss of stoichiometry and grain growth which are detrimental for thermoelectric properties.
Thermal and electrical conductivities are linked as both rely on conduction of electrons. However thermal conductivity is also dependent on the transmission of phonons. As such it is possible to decouple the two conductivities by disrupting phonon conduction leading to an improvement in TE performance [7] . The thermal conductivity of polycrystalline ceramics, such as sodium cobalt oxides, is strongly correlated with the crystal structure [8] , as well as particle morphology and microstructural defects. NaCo 2 O 4 has a layered hexagonal crystal structure consisting of CoO 2 layers separated by Na ions. Electrical conductivity is achieved in the CoO 2 nanosheets by the donation of electrons from Na. The Na ion nanolayers serve as phonon scattering structures [9] . The crystal structure gives rise to anisotropy in electric and thermal properties with higher conductivity exhibited parallel to the CoO 2 planes which in polycrystalline ceramics leads to a decrease in phonon conduction [10] . NaCo 2 O 4 thermal conduction is dominated by phonons [9, 10] and hence significant improvements in thermoelectric performance can be achieved by disrupting this transport.
By creating scattering points on the length scale of a few 10s of nm electron conduction is unaffected while phonon conduction is dramatically reduced due to their different characteristic mean free paths. Small grain size can enhance the specific grain boundary (GB) surface area with a reduction in thermal conductivity due to grain boundary scattering of phonons [11] . Thermal conductivity can also be reduced by modification of the nanostructure of these materials [12] . Nanostructured materials exhibit unique properties including enhanced density of states (DOS) near Fermi level via quantum confinement and a large density of interfaces [13, 14] which are not observed in bulk materials. Such structures, and the resultant properties, are strongly dependent on the material preparation method.
Sodium cobalt oxide is a promising functional ceramic material for TE applications, however, working with high-volatility elements such as sodium presents challenges in maintaining a stable material composition throughout processing. Nano-sized powders can increase sintering kinetics and allow materials to be processed at lower temperatures, helping to reduce Na volatisation and stabilise the material composition. Methods for the production of nanosized sodium cobalt oxide have been reported based on electrospinning of nanofibres [15, 16] from sol-gel materials to produce nanofibres about 10 nm in diameter, an order of magnitude smaller than sodium cobalt oxide powders produced by conventional methods. The sol-gel method is one of the most effective production methods for fine powders [17] . The processing conditions for these materials can influence both the sodium content and the development of the cobalt oxide layer structure due to the presence of mixed-valence Co as well as different relative positions of the CoO 2 layers, depending on sodium content. Even when starting from nanoscale powders it is imperative that grain growth is controlled to prevent increases in thermal conductivity. Here we consider the use of sol-gel derived material to attain fine sinterable powders suitable for low temperature processing with limited grain growth. To enhance low temperature densification and alleviate the issue of Na loss at elevated temperatures the use of a Narich pre-treatment of the powder is also explored.
Material and methods
A NaCo 2 O 4 powder was synthesised using an aqueous sol-gel method and used to produce bulk pellets. 0.11 mol of Co(N-O 3 ) 2 $6H 2 O, 0.094 mol NaNO 3 and 0.13 mol C 6 H 8 O 7 were dissolved in distilled water to obtain a 0.3 M solution. The solution was stirred constantly at 80 C for 1.5 h to achieve a homogenous solution. The resulting mixture was light red in colour and was allowed to cool while being stirred. The prepared NaCo 2 O 4 -producing sol was dried in an oven at 90 C to produce a light pink precursor powder.
The dried precursor powder was crushed and heated to 700 C at a ramp rate of 4 C/min to calcine the powder for 6 h. A modified powder (Na-SG) was created by ball milling the calcined powder for 24 h in a sodium hydroxide aqueous solution (2 wt% NaOH relative to NaCo 2 O 4 powder mass). Suspensions were milled using weight ratios of 1:2:1 of powder:ZrO 2 milling media:fluid. To prevent Si contamination during the ball milling stage of preparation, plastic bottles were used. The resulting slurry was dried overnight in an oven at 70 C.
Pellets were created from both powders by crushing with a mortar and pestle and pressing in a 3 cm diameter mould at 1.3 MPa. The pellets were sintered at 950 C or 1000 C for 1, 2, 6 or 12 h at a heating ramp rate of 4 C/min a furnace cooling. The pellets referred to as SG were made from pure sol-gel powder and Na-SG pellets were made from sol-gel powder that had previously been ball milled in an aqueous solution of NaOH.
All sintered samples were examined by X-ray diffraction (XRD) (Siemens 5005) at room temperature. The microstructures of the as-sintered samples were examined using a scanning electron microscope (FEI XL30 SFEG) and energy dispersive X-ray spectroscopy (EDX). Density was determined from the measured weight and dimensions of the pellets. Phase formation and phase transition behaviours of the powder were investigated using a Panalytical Empyrean X-ray diffractometer with an Anton Parr HTK 1200 N high temperature oven chamber. Dried and crushed as-synthesised powder was initially heated up to 200 C for 15 min to reduce organic components. The sample was then placed in the XRD chamber and heated from 25 C to 1000 C with a heating rate of 5 C/min. Diffraction patterns were measured throughout the whole heat treatment using Cu Ka x-ray radiation with a wavelength of 1.5418 Å and a 2q range of 30 e 45 . Each pattern was measured for 4 min using a step size and count time of 0.0263 2q and 39 s/step, respectively. Both dried precursor powder and dried precursor powder modified with NaOH were examined. Thermal conductivity of samples was measured using a comparative bar method employing glass standards of known thermal conductivity. The sample was sandwiched between two known standards with thermocouples positioned either side of each sample. By assuming the heat flux was the same through all samples the thermal conductivity of the test sample could be calculated. Electrical conductivity was determined by 4 point probe method and Seebeck coefficient by measuring the voltage generated by the sample following the application of a known temperature difference across it.
Results and discussion

Sintering and microstructure
Figs. 1(a) and 2(a) shows a contour plot of in situ XRD patterns illustrating the evolution of the SG powder and Na-SG powder, respectively. At lower temperatures the peaks associated with Co 3 O 4 (having formed following the decomposition of Co(N-O 3 ) 2 $6H 2 O during initial preheating) are clearly visible and gradually shift to lower angles due to thermal expansion (e.g. (311) peak between 36.5 and 37.0 shown in Figure (b) ). In both powder systems there is a clear indication of a phase change occurring at around 650 C to produce the desired NaCo 2 O 4 . Initially the peaks associated with Co 3 O 4 decrease in intensity and eventual disappear as NaCo 2 O 4 is produced on reaction with Na. In the case of the SG powder there is also evidence of the formation of a Na 0.6 Co 2 O 4 phase as an intermediate product. This is not evident in the Na-SG powders showing that excess Na aids in the formation of phase pure material. NaCo 2 O 4 is stable up to around 900 C when it degrades from this optimum composition over a temperature range around 900e950 C. At temperatures exceeding 950 C new peaks appear indicating the formation of CoO as a consequence of the reduction of residual Co 3 O 4 and Co 3 O 4 formed as Na is lost from NaCo 2 O 4 . Interestingly the Na-SG powder appears less stable despite having more Na present suggesting that Na removal from the crystal lattice may be enhanced by the presence of a small amount of liquid NaOH at the surface of the powder. The loss of Na can be seen quantitatively when comparing solid state synthesis material, sol gel material and Na-sol gel materials sintered at 1000 C for 6 h, where Na:Co atomic ratios of 0.24, 0.40 and 0.55 ( ±0.1) are observed, respectively. Fine grained starting material (i.e. SG) leads to more rapid densification and hence reduced Na loss, while addition of 10 at% extra Na helps to further stabilise the system. This formation temperature of NaCo 2 O 4 (650 C) is significantly lower than that for conventional solid state reaction produced material, where the correct NaCo 2 O 4 composition is only obtained at around 750e850 C [18] . The sol-gel approach therefore represents a potentially lower temperature and more cost-effective processing route for the NaCo 2 O 4 based materials. In the case of Na-SG material in-situ X-ray diffraction also revealed that transition to NaCo 2 O 4 is less abrupt. Fig. 3 shows the SEM micrographs and room temperature diffraction patterns of SG powders calcined at different temperatures. The diffraction patterns of the dried sol-gel powder shows a broad peak at 20e25 indicating limited crystallization as would be expected from a sol-gel powder dried at 90 C. The two strong peaks visible at~39 and 44 are associated with the aluminium holder on the XRD stage. The diffraction peaks indicate that powder calcined at 450 C consists of Co 3 O 4 (JCPDS 42-1467) agreeing with results from in-situ studies. The diffraction pattern of powder calcined at 700 C shows peaks corresponding to those assigned to NaCo 2 O 4 (JCPDS 27-0682) again agreeing with the in-situ data. The powder formed a closed porous structure when dried but on calcining formed a delicate open structure consisting of plate-like grains consistent with hexagonal NaCo 2 O 4 . The use of a relatively low calcination temperature made it possible to maintain a similar level of sodium throughout the synthesis process. The average particle size of the SG powder was found to be less than 1 mm with a degree of particle coarsening during processing at 700 C. Powder calcined at 700 C for 6 h gave sufficient purity and suitable grain size for pellet production. Fig. 4 shows the XRD pattern for NaCo 2 O 4 pellets sintered at 950 C and 1000 C. It can be seen that except for the peaks associated with NaCo 2 O 4 , in most cases no peaks associated with Co 3 O 4 or other Co oxides were detected, indicating that the NaCo 2 O 4 was stable under these conditions. Higher sintering temperature together with prolonged sintering time resulted in the emergence of an additional peak below 16 (2Ѳ). A peak in this region is often Fig. 1 . In situ XRD patterns of dried precursor sol gel powder collected at various temperatures from room temperature up to 1000 C, (a) contour plot of in situ XRD patterns, (b) 2q region of 15e16.5 and 36e37.5 showing the evolution of most intense peak corresponding to reaction during sol-gel synthesis. Fig. 2 . In situ XRD patterns of Na treated dried precursor sol gel powder collected at various temperatures from room temperature up to 1000 C, (a) contour plot of in situ XRD patterns, (b) 2q region of 15e16.5 and 36e37.5 showing the evolution of most intense peak corresponding to reaction during sol-gel synthesis. ascribed in literature to the partial hydration or decomposition of samples following storage in air [19, 20] . The appearance of peaks at lower angles is often accompanied by a reduction in intensity of peaks corresponding to NaCo 2 O 4 , in particular associated with (002 reflection). In this work, the appearance of the 16 peaks was found primarily for pellets sintered at the higher temperature (1000 C). This observation suggests that pellets treated at 1000 C for 12 h are more moisture-sensitive than other samples/conditions. The microstructure of SG pellets sintered at 950 C and 1000 C (Fig. 5) show a fine grained and relatively dense structure over the whole range of sintering times. In both cases the pellets can be seen to exhibit elongation of the grains during sintering, typical of layered crystal structures. However the grain elongation of samples sintered at 1000 C was more marked than those sintered at 950 C with increases in both length and width of grains. Samples sintered at 950 C for up to 6 h had a lateral grain size of 10e15 mm and a grain thickness of 1e2 mm. This increased to 15e20 mm and 2e3 mm on sintering for 12 h. Samples sintered at 1000 C were composed of significantly bigger grains, being 5e10 mm thick. For sintering times of 1e2 h the grains had lateral dimensions of 20e25 mm, which increased to 25e30 mm when sintered for 6 or 12 h.
Pellets sintered at 900 C and below exhibited minimal densification as densification requires the diffusion of all atomic species and at such temperatures Co is insufficiently mobile. All samples sintered at 950 and 1000 C for 1 or 2 h exhibited a degree of densification with relative densities of 70 and 80%, respectively. For longer sintering times a difference in density was observed with samples sintered at 950 C attaining densities of~85% after 12 h, while samples sintered at 1000 C had a relative density of 80% due to grain coarsening preventing further densification. The presence of pores has a strong negative effect on both the electrical and thermal conductivity. In a system where only macro-scale porosity is changing the effect on thermoelectric performance should be minimal as both thermal and electrical conductivities would be affected equally. Fig. 6 shows the XRD pattern for NaCo 2 O 4 sol-gel Na-enriched pellets sintered at 950 C and 1000 C. As with the standard SG powder pellets only NaCo 2 O 4 peaks are seen for the majority of samples, with additional peaks emerging again for those sintered at extreme time and temperature. The influence of sintering time on the microstructure for sintering at 950 C and 1000 C is shown in Fig. 7 . The general behaviour of Na-SG powders was similar to that of SG powder with increasing grain size and density with sintering time. When compared to unmodified sol-gel powder the Na-SG pellets sintered at 950 C had grains that were 1.5e2 times thicker. A similar behaviour was not observed in the samples sintered at 1000 C. The addition of Na enhanced densification, leading to final densities of 95% and 90% for samples sintered at 950 and 1000 C, respectively. With the increase of sintering temperature, further smoothing of the surface can be seen, although these differences are small with increasing sintering time. For pellets sintered at 1000 C cross sectional micrographs show a distinctly different microstructure.
Electrical and thermal properties
The results obtained from SG and Na-SG samples sintered under different conditions are presented in Tables 1 and 2 , respectively. For samples sintered at 950 C the lowest values of thermal conductivity were exhibited by pellets sintered for 12 h. In the case of those sintered at 1000 C SG samples exhibited the lowest conductivity at short sinter times while for Na-SG materials the lowest thermal conductivity was exhibited at high sinter times, potentially indicating the stabilising effect of the Na. In all cases the samples with low thermal conductivity were characterised by a high density and complex grain/microstructure.
The Weidemann-Franz law describes the relationship between electric and thermal conductivity originating from electron transport. In a metal, where thermal conductivity is dominated by electron conduction, this relationship is given by k ¼ LTs, where L is the Lorenz number (2.45 Â 10 À8 WUK À2 ). By comparing the electric and thermal conductivities of the materials produced here one can obtain an estimation of the contribution of lattice thermal conductivity (Fig. 8) . It can be seen that phonon thermal conductivity plays a significant role (~10Â that of electron thermal conductivity) in the material, similar to previous reports [10] . By comparing the data to that of samples produced using solid state synthesis (average powder size >1 mm) and sintered at 950 C it can be seen that phonon conductivity is reduced when sol-gel derived powder is used. Furthermore, the Na-addition can be seen to further reduce the phonon conducting component due to the refined grain structure and improved scattering centres. For samples sintered at 950 C prolonged sintering leads to a higher density and a more complex microstructure, typical of the NaCo 2 O 4 layered crystal structure, with grains exhibiting a more pronounced plate-like appearance. The tendency to produce distinct crystallites is enhanced when excess Na is present, as the NaOH is able to act as a flux assisting the required atomic diffusion. The electrical conductivity of all samples exhibits the same dependence on porosity (s z s 0 exp À1.4Vfp , where Vfp is the volume fraction of porosity and s 0 is the conductivity of a fully dense material). It would be expected that thermal conductivity would exhibit the same dependence if the bulk material were unchanged. The reverse behaviour observed here suggests this is not so and that the material structure becomes more complex, with more scattering centres, and is able to counteract the increase in conductivity caused by reduction in porosity. Samples sintered at 1000 C tended to show an increase in thermal conductivity with sintering time indicating that the complexity of the microstructure is unchanged and only densification and grain growth occur, both of which result in increased thermal conductivities. At very high process times/temperatures densification is largely complete and the formation of secondary phase (due to the loss of Na) creates faster phonon conduction paths causing the thermal conductivity to increase again [21] .
Where the formation of second phases is disrupted by the addition of extra Na, low thermal conductivity is maintained again showing the intrinsic low thermal conductivity of NaCo 2 O 4 . NaCo 2 O 4 ceramics with micro-sized grains typically have a room temperature thermal conductivity in the range of 3e5 Wm À1 K À1 [22, 23] due to a lower amount of grain boundary phonon scattering. High electrical conductivity is observed for both SG and Na-SG samples sintered at 950 C for 12 h confirming the positive benefit of high density materials. As these samples also exhibit low thermal conductivity it further strengthens the argument that it is the complex grain structure that is responsible for the reduction in thermal conductivity. For SG samples sintered at 1000 C there is little variation in electrical conductivity and similar values are observed for Na-SG samples sintered at 1000 C for 1 and 2 h. A slight increase in conductivity is observed for samples sintered for 6 h but when the time is increased to 12 h the electrical conductivity decreases dramatically, due to loss of Na and formation of an electrically insulating second phase at the boundaries of grains. Results for samples sintered at 1000 C indicate that the grain structure is less able to preferentially affect thermal conductivity as would be desirable for thermoelectric applications.
The Seebeck coefficient tends to be highest for samples with good electrical conductivity but there is not a very large variation across all samples which is to be expected as the Seebeck coefficient is independent of porosity. A power factor (pf ¼ s.a 2 ) and dimensionless figure of merit, ZT (ZT ¼ T.s.a 2 /k) can be calculated. Fig. 9 shows calculated values of ZT and power factor for all samples. Generally the power factor increases with increasing sintering time and temperature. When sintered at 1000 C both systems exhibit a drop-off in performance at extended sintering times due to the degradation of the structure following loss of Na ( ). ZT data shows a more pronounced difference between samples due to the bigger changes seen in thermal conductivity. For samples sintered at 950 C Na pre-treated samples exhibit an enhanced thermoelectric performance relative to untreated sol-gel over the whole range of sintering times. The highest Table 2 Near room temperature thermal and electrical properties of NaOH pre-treated sol-gel (Na-SG) samples sintered at 950 C and 1000 C for different times.
Sintering temperature 950 C 1000 C   Sintering time  1hr  2hr  6hr  12hr  1hr  2hr  6hr  12hr Thermal conductivity, k ZT (0.0026) was exhibited by the Na-SG sample sintered at 950 C for 12 h and was higher than that reported for the untreated samples (maximum 0.0022). The highest ZT is not obtained due to the improvement in a single material property. Instead it is a result of the combined effect of increasing the electrical conductivity and decreasing the thermal conductivity. This is important as it is not a direct effect of improved sintering, caused by the incorporation of extra Na, as this would lead to an increase in both conductivities. This clearly indicates that a more complex microstructure is evolved during sintering that causes increased phonon scattering thereby decreasing thermal conductivity. Fig. 8 highlights the role of adding Na in reducing the proportion of thermal conductivity associated with phonon conduction. As with the power factor, where the samples were sintered at 1000 C there is also a dramatic reduction in ZT when sintered for long times clearly highlighting the effect of the loss of volatile Na. Interestingly this is more strongly exhibited in the Na pre-treated sample corresponding to the earlier emergence of secondary peaks in the in situ XRD data. Reports of ZT for NaCo 2 O 4 materials are much rarer and typically in the range 0.005e0.05 [23, 31] (near to 300 K) which is similar to that obtained for other oxide thermoelectrics at room temperature: e.g. 0.02 for LaSrCoO [32] , 0.03 for modified SrTiO 3 [33] . The use of small scale sol-gel powders and Na pre-treatments results in NaCo 2 O 4 samples with higher electrical conductivity and lower thermal conductivity relative to materials produced by standard mixed oxide routes. The Seebeck coefficient is broadly unaltered between the two sol-gel and mixed oxide powders indicating that the grain boundaries (and associated phonon scattering) play a significant role in determining performance of such materials. This may be borne out by studies on films [34] , where grains are intrinsically limited in size, which show similar enhanced electrical conductivity. Unfortunately no thermal properties were reported for these films.
The variation in Seebeck coefficient and electrical conductivity as a function of temperature for SG and Na-SG materials is broadly similar. A representative comparison can be seen in the materials sintered at 1000 C for 6 h shown in Fig. 10 . The Seebeck coefficient in both materials increases with temperature in a similar manner. Fig. 9 . Power factor and Figure of merit, ZT, of sodium cobalt oxide pellets produced using sol-gel synthesised (SG) and Na rich pre-treated sol-gel synthesised (Na-SG) powders at 950 C and 1000 C for 1, 2, 6 and 12 h. Fig. 10 . Electrical conductivity and Seebeck coefficient dependence on temperature for sol-gel synthesised (SG) and Na rich pre-treated sol-gel synthesised (Na-SG) powder sintered 1000 C for 6 h.
The electrical conductivity shows a slight decrease with increasing temperature which is slightly more pronounced in the Na-SG materials. In both systems the electrical conductivity is approximately constant at temperatures between 400 and 600 C. This results in an increase in power factor by a factor of 2e3. As thermal conductivity in polycrystalline NaCo 2 O 4 tends to remain approximately constant with temperature it is reasonable to assume a similar increase in ZT would be observed.
Conclusion
In-situ XRD of NaCo 2 O 4 precursor materials has shown that NaCo 2 O 4 can be formed at temperatures from around 650 C, but that the material degrades rapidly at temperatures above 950 C with a clear degradation of materials observed at temperatures of 1000 C and above. While NaCo 2 O 4 forms around 650 C it does not begin to sinter until at least 900 C, with 950 C being required to bring about appreciable densification, resulting in a very small processing window.
Through the pre-treatment of the NaCo 2 O 4 powder with NaOH, the loss of Na at elevated temperatures can be mitigated. As the addition of NaOH is relatively small, it is unable to compensate for Na loss at high temperatures but at 950 C it is able to compensate for Na loss and also enhance sintering resulting in improvements in the figure of merit, ZT, of between 20 and 80%. This is due to a combined effect of increased electrical conduction, due to slightly improved densification and mitigating the loss of Na, and decreased thermal conductivity due to enhanced phonon scattering due to the refined complex layered crystal structure. Similar effects are not seen in the samples treated at 1000 C due to the inability to compensate for the Na loss, and the low thermodynamic stability of Co 3-d O 4 relative to other Co oxide phases. This work has shown that the key to improving ZT in NaCo 2 O 4 ceramics is a dual approach of encouraging densification and crystal structure refinement while discouraging grain growth. This is challenging in pressureless sintering but it has been shown that the addition of controlled quantities of NaOH can result in material with enhanced performance.
